Plant pathogen attacks are perceived through pathogenissued compounds or plant-derived molecules that elicit defense reactions. Despite the large variety of elicitors, general schemes for cellular elicitor signaling leading to plant resistance can be drawn. In this article, we review early signaling events that happen after elicitor perception, including reversible protein phosphorylations, changes in the activities of plasma membrane proteins, variations in free calcium concentrations in cytosol and nucleus, and production of nitric oxide and active oxygen species. These events occur within the first minutes to a few hours after elicitor perception. One specific elicitor transduction pathway can use a combination or a partial combination of such events which can differ in kinetics and intensity depending on the stimulus. The links between the signaling events allow amplification of the signal transduction and ensure specificity to get appropriate plant defense reactions. This review first describes the early events induced by cryptogein, an elicitor of tobacco defense reactions, in order to give a general scheme for signal transduction that will be use as a thread to review signaling events monitored in different elicitor or plant models.
In the course of their development, plants have to face a wide range of potential pathogens, including viruses, bacteria, fungi, oomycetes, nematodes, and insects. However, disease is an exception rather than a rule and infections occur in only limited cases. Preformed physical and chemical barriers such as cuticles, cell walls, and constitutively produced antimicrobial compounds protect the plant against most attempted invasions (nonhost interactions). However, when a putative pathogen is able to get over these barriers (host interaction) and if the plant recognizes the invader, a rapid induction of defense responses by the resistant plant can prevent the bioagressor from developing (incompatible interaction). Disease spreads only in susceptible plants (compatible interaction) which are unable to recognize the pathogen or respond too slowly. In many plants, resistance to diseases is known to be genetically controlled by plant resistance (R) genes and pathogen avirulent (Avr) genes (gene-for-gene concept) (Flor 1947) . It also has been postulated that R gene products act as receptors of Avr proteins, either directly or indirectly (elicitor-receptor model) (Keen et al. 1972) , their molecular interaction leading to the initiation of a signaling cascade responsible for defense response activation. However, for most matching Avr-/R-protein pairs, Avr protein binding has not been demonstrated yet and, at the moment, this model is limited to a few interactions (Jia et al. 2000; Leister and Katagiri 2000; Scofield et al. 1996; Tang et al. 1996) . Based on the observation that many Avr signals appear to have a role in pathogen virulence, particularly in hosts that do not express the corresponding R gene, the "guard model" was proposed for R gene function. This model predicts that Avr proteins are effectors that interact with target plant proteins to manipulate host processes in favor of the pathogen, inhibiting, for instance, the basal defense level. In this scenario, R proteins are guardians that recognize the target and Avr protein complexes. This recognition then could initiate the plant defense response (Dangl and Jones 2001; McDowell and Woffenden 2003; Nimchuk et al. 2003) . However, triggering resistance is not always due to specific Avr products which activate defense responses in cultivars possessing the matching resistance genes but, instead, proceeds from the action of general elicitors, able to activate defenses in different cultivars of one or many species. Elicitors include compounds belonging to different chemical families: proteins, glycoproteins, glycans, lipids, and synthetic molecules. They are constituents of the pathogen or secreted by it, or they are released from the plant or pathogen cell walls by hydrolytic enzymes from the pathogen or the plant. The most studied elicitors are indicated in Table 1 .
Early signal transduction pathway studies with elicitors revealed striking similarities between plants and animals in molecules used to perceive and transmit signals associated with invaders. These observations highlight the conservation of a defense-related signaling system in the different living kingdoms throughout evolution that have led to the innate immunity system (Dangl and Jones 2001; Nürnberger et al. 2004) . Early events, such as protein phosphorylation or activation of plasma membrane proteins, mobilize or generate directly or indirectly diverse signaling molecules (such as free calcium, nitric oxide [NO] , active oxygen species [AOS] ) which regulate many processes, interconnecting branch pathways that amplify and specify the physiological response through transcriptional and metabolic changes. In particular, the early activation of genes involved in phytohormone biosynthesis modifies the hor-monal balance, leading to the appropriate transcriptome changes. Studies with different plant-pathogen systems have shown that plants can activate distinct defense pathways involving different regulators, depending on the types of parasites (Ton et al. 2002) . The ethylene-(ET) and jasmonic acid (JA)-dependent defense responses seem to be activated by necrotrophic pathogens, whereas the salicylic acid (SA)-dependent response is triggered by biotrophic pathogens (Thomma et al. 2001) . Some studies indicate that ET or JA and SA responses inhibit each other, suggesting that crosstalk between the pathways exist, enabling the plant to adapt the response depending on the types of pathogen (Reymond and Farmer 1998; Spoel et al. 2003) . Genetic studies in Arabidopsis have made it possible to identify numerous genes involved in both pathways and how they may be interconnected (Lorrain et al. 2003) . At the end, microbe-or elicitor-induced signal transduction pathways lead to i) the reinforcement of cell walls; ii) the production of antimicrobial metabolites (phytoalexins), pathogenesis-related (PR) proteins and enzymes of oxidative stress protection; iii) lignification; and, often, iv) the hypersensitive response (HR), a form of programmed host cell death at the infection site associated with limited pathogen development (Lorrain et al. 2003) . These defense responses might trigger in the whole plant a long-lasting systemic acquired resistance (SAR), which is dependent on SA and effective against a large spectrum of pathogens (Ricci 1997) .
The present review focuses on early molecular events that have been identified after elicitor or pathogen recognition, recognition being covered in recent reviews (Nürnberger et al. 2004 ). This first set of reactions leads to a complex change in gene expression, enzymatic activity, and metabolic modifications; the latter modifications are not described here. Early signaling events induced by the oomycete elicitor cryptogein in tobacco cells is presented before discussing and detailing the major early signaling events and their occurrence in different models.
Signaling pathway triggered by the elicitor cryptogein in tobacco cells.
Cryptogein is a 10-kDa protein secreted by Phytophthora cryptogea; it induces HR and SAR in tobacco plants (Ricci 1997) . Early signaling events were mostly deciphered using tobacco cell suspensions (Fig. 1) ; however, numerous effects, including NO production, mitogen-activated protein kinase (MAPK) activation, cell death, and gene expression, were confirmed in whole plants. Cryptogein binding studies and crosslinking experiments to a potential receptor were performed on tobacco plasma membrane preparations; the characterized binding site is a glycosylated heterodimer protein (Bourque et al. 1999) . The perception step is followed by activation of protein kinases (PK) or inhibition of protein phosphatases (PP) that, in turn, trigger the Ca 2+ influx (Lecourieux-Ouaked et al. 2000) . Within the first 5 min, nearly 20 phosphoproteins showed an increase in phosphorylation status, as visualized by two-dimensional electrophoresis analysis of in vivo-labeled proteins (Lecourieux-Ouaked et al. 2000) . Extracellular Ca 2+ influx, depending on PK activation, triggers AOS production (Tavernier et al. 1995) , MAPK activation (Lebrun-Garcia et al. 1998 ), PK activation upstream of the NO production (Lamotte et al. 2004) , anion effluxes and plasma membrane depolarization (Pugin et al. 1997; Wendehenne et al. 2002) , glucose (Glc) import inhibition (Bourque et al. 2002) , microtubule depolymerization (Binet et al. 2001) , and may lead to the H + -ATPase inhibition. These events can all be monitored within the first hour. MAPK activation is independent of AOS and NO production (Lamotte et al. 2004; Lebrun-Garcia et al. 1998 ) and anion effluxes (Wendehenne et al. 2002) . Superoxide ions are generated by the NADPH oxidase NtRbohD (Simon-Plas et al. 2002) , which requires NADPH provided by the pentose phosphate pathway (Pugin et al. 1997) . The NADPH conversion contributes to the cytoplasmic pH acidification (Pugin et al. 1997 (Lecourieux et al. 2002 (Lecourieux et al. , 2005 . The [Ca 2+ ] cyt rise is also due to release from internal Ca 2+ pools through IP 3 -and cADPR-regulated Ca 2+ channels (Lamotte et al. 2004; Lecourieux et al. 2002) , whereas the [Ca 2+ ] nuc depends on IP 3 -dependent calcium channels and is not due to calcium diffusion from the cytosol (Lecourieux et al. 2005) . cADPR could be produced in response to NO (Durner et al. 1998; Lamotte et al. 2004) . Anion effluxes may participate in i) the plasma membrane depolarization (Pugin et al. 1997) , which is responsible for the amino acid import inhibition (Valine [Val] was used as a marker) and the K + efflux (Bourque et al. 2002; Pugin et al. 1997) and ii) the activation of the NADPH oxidase and cell death (Wendehenne et al. 2002) . Protein phosphorylation, the first identified event in the cryptogein signal transduction pathway, also happens throughout the cryptogein signal transduction pathway. Although a few PKs have been identified, among them the SIPK and WIPK MAPKs (Lebrun-Garcia et al. 1998; Zhang et al. 1998) , there is much evidence for cytoplasmic and nuclear Ca 2+ -dependent PK activation as well as for Ca 2+ -independent phosphorylations (Lecourieux-Ouaked et al. 2000; our unpublished results) . Cell death and gene expression are under control of the boxed signaling events presented in Figure 1 (Binet et al. 2001; Lamotte et al. 2004; Rustérucci et al. 1999; Wendehenne et al. 2002; Zhang et al. 1998 ). The study of cryptogein's effect in tobacco revealed that many steps are controlled by a primary calcium influx; later, AOS and NO productions induce a calcium release from internal pools that will prime other signaling events. Many components of the transduction pathway Scofield et al. 1996 are still unknown. For that reason, it is interesting to review the signaling events induced with different elicitors to determine the common and unique steps in each pathway.
PKs and phosphorylated proteins involved in plant defense reactions.
The major routes of signaling pathways in plant cells follow processes similar to those described in other living kingdoms, though with some differences. For example, calmodulin (CaM)-like domain protein kinases (CDPK) form a large family of PKs sensing Ca 2+ in plants due to their carboxy-terminal CaM-like sequences. CDPKs are not found in animals, whereas CaM-dependent protein kinases (CaMKs) and protein kinase C are under-represented or missing in plants (Hrabak et al. 2003) . Five plant PK classes have been defined with several subclasses (PlantsP: Functional Genomics of Plant Phosphorylation website). Many reports implicate PKs in plant defense reactions; most of them belong to the CDPK and MAPK families.
After elicitor perception, PK activation may be the earliest induced event; this should be the case for those elicitors which are readily recognized by proteins such as receptor-like kinases (RLKs), which are cytoplasmic or plasma membrane localized. For example, flagellin, a bacterial elicitor, interacts with an Arabidopsis RLK named flagellin-sensing locus 2 (FLS2), a transmembrane protein with a functional intracellular PK domain and an extracellular leucine-rich repeat domain (Gomez-Gomez and Boller 2000) . The flagellin signal is further transduced into the intracellular space by activation of a MAPK cascade, typically formed by at least three interlinked PKs: the MAPKKK or MEKK, MAPKK or MEK, and MAPK. The activation of the MAPK cascade induced by flagellin involves MEKK1, MKK4/MKK5, and two MAPKs, MPK3 and MPK6 (Asai et al. 2002) . Xa21 also belongs to the same receptor class as FLS2; it mediates race-specific resistance of rice to Xanthomonas oryzae pv. oryzae. Biochemical analysis of its PK domain showed autophosphorylation of 27 phosphopeptides obtained after trypsin digestion of the labeled PK domain (Liu et al. 2002) . Signaling elements downstream of Xa21 presently are not known. The Pseudomonas syringae pv. tomato AvrPto elicitor (Table 1) is recognized by the cytoplasmic receptor kinase Pto (Scofield et al. 1996; Tang et al. 1996) which, in turn, interacts with several proteins, including the Pti1 PK and numerous transcription factors, Pti4, Pti5, and Pti6, among which Pti4 is directly phosphorylated by Pto (Gu et al. 2000) . Also characterized downstream of the AvrPto-Pto interaction, a complete potential MAPK cascade has been proposed based on biochemical evidence linking several members of the MAPK module, comprising two tomato MAPKs, LeMPK2 and LeMPK3; two MAPKKs, LeMKK2/LeMKK4; and a MAPKKK, LeMAPKKKα, . Recently, the Avr9/Cf9-induced kinase 1 (ACIK1) gene has been identified among a collection of rapidly elicited tobacco genes. Database searches have revealed that its kinase domain is homologous to those of the RLKs. Virus-induced gene si- lencing (VIGS) of ACIK1 resulted in the reduction of the HR mediated by Avr9 and Avr4 elicitors in N. benthamiana plants carrying the Cf9 and Cf4 resistance genes, respectively, but had no effect on other resistance/Avr systems such as Pto/AvrPto, RX/Potato virus X, and N/Tobacco mosaic virus .
Relationships between PKs and calcium signaling. Elicitor perception often is followed rapidly by a Ca 2+ influx and intracellular Ca 2+ signals, such as those generated by the cryptogein elicitor in tobacco cells (Fig. 1) (Kadota et al. 2004; Lecourieux et al. 2002; Tavernier et al. 1995) . These signals, in turn, could activate CDPKs. Indeed, it has been shown that many in vivo protein phosphorylations depend on a calcium influx into tobacco cells treated with cryptogein (Lecourieux-Ouaked et al. 2000) . Different CDPK transcripts accumulate in tobacco, maize, and tomato tissues upon pathogen infection (Chico et al. 2002; Murillo et al. 2001; Yoon et al. 1999) . CDPK activities have been reported in transgenic tobacco expressing the Cf9 resistance gene and challenged by the Avr9 elicitor; using PK inhibitors, the authors proposed that CDPKs act upstream of H 2 O 2 production or in an H 2 O 2 -independent signaling pathway (Romeis et al. 2000) . Two tobacco CDPKs, NtCDPK3 and NtCDPK2, have been isolated; they are transcriptionally upregulated in response to elicitation and osmotic stresses. Silencing of the NtCDPK2 gene compromises Avr9/Cf-9-mediated HR but, interestingly, did not modify the activity of two tobacco MAPKs, SIPK and WIPK, also induced by Avr9 (Romeis et al. 2001) , indicating that the two MAPKs are not downstream of NtCDPK2. Another tobacco CDPK, NtCDPK1, is involved in response to wounding, phytohormone signaling, high salt, and fungal elicitor treatments (Yoon et al. 1999) . In addition to the regulation of AOS production, CDPKs may be implicated in H + fluxes induced by elicitors by regulating H + -ATPase activities (Schaller and Oeckling 1999; Xing et al. 1996) . Although both phenylalanine ammonia lyase (PAL) and NADPH oxidase have been reported as potential substrates for pathogen-induced CDPKs (Allwood et al. 2002; Xing et al. 2001) , the identities of proteins phosphorylated by CDPKs during defense response remain largely unknown.
As shown before, plant defense reactions commonly are associated with MAPK modules. MAPKs are stimulated not only during defense reactions but also in response to many stresses such as wounding, salt, temperature, and oxidative stresses (Jonak et al. 2002) . Direct connections between Ca 2+ , CDPKs and MAPKs have not been established; however, MAPK activation is compromised when the extracellular calcium influx is blocked by Ca 2+ channel blockers or Ca 2+ chelators in tobacco cells treated with cryptogein ( Fig. 1) , in transgenic Cf9-tobacco cells treated with the Avr9 elicitor, and in rice cells treated with Trichoderma viride xylanase (Kurusu et al. 2005; Lebrun-Garcia et al. 1998; Romeis et al. 1999) . Interestingly, overexpression of the rice two-pore channel 1 (OsTPC1), a putative voltage-gated Ca 2+ -channel, is correlated with enhanced HR and activation of the rice MAPK OsMPK2 (Kurusu et al. 2005 ). Voltage pulse application or treatment with an elicitor preparation of Fusarium oxysporum lycopersici in tomato cells both induced MAPK activities dependent on calcium influx, but only voltage-induced MAPK activities were inhibited by nifedipine, a voltage-gated calcium channel inhibitor, suggesting that different subsets of MAPK are activated by voltage pulse and elicitors (Link et al. 2002) . However, Ca 2+ influx is not always a prerequisite for MAPK activation; tobacco cells exposed to the Pseudomonas syringae pv. phaseolicola harpin or grapevine cells elicited with the Botrytis cinerea endopolygalacturonase 1 (BcPG1) ( Table 1) Relationships between MAPK activation and AOS production. Pharmacological inhibition of AOS production indicated that MAPK activation is independent of upstream AOS in different plant/elicitor systems; for example, tobacco cells/cryptogein, Cf9 transgenic tobacco cells/Avr9, and parsley cells/ Pep13 (Lebrun-Garcia et al. 1998; Ligterink et al. 1997; Romeis et al. 1999) . In tobacco or Arabidopsis, constitutive expression of the MAPKKs NtMEK2 and AtMEK4/5 induces H 2 O 2 production (Ren et al. 2002) . Alternatively, exogenous application of H 2 O 2 or NO in tobacco and Arabidopsis cells activates MAPKs (Clarke et al. 2000; Desikan et al. 2001a; Kumar and Klessig 2000) ; two MAPKKKs, Arabidopsis ANP1 and alfalfa OMTK1, also are activated by H 2 O 2 (Kovtun et al. 2000; Nakagami et al. 2004) . In H 2 O 2 -treated Arabidopsis seedlings, a Ser/Thr PK, OXI1, is stimulated and required for full activation of AtMPK3 and AtMPK6 (Rentel et al. 2003) . H 2 O 2 also induces the expression of the NDP kinase 2 gene in Arabidopsis plants; the protein NDPK2 interacts with two H 2 O 2 -activated MAPKs, AtMPK3/6, resulting in reduced AOS production via the transient expression of antioxidant and protective genes under the control of MAPKs ). In conclusion, AOS production might not be necessary to activate MAPKs during elicitor treatments; however, because exogenous H 2 O 2 is able to activate MAPKs, AOS may participate in a positive MAPK activation feedback with the final outcome of either reducing or increasing AOS production Ren et al. 2002) . However, it remains to be demonstrated that exogenously applied H 2 O 2 or endogenous H 2 O 2 play equivalent roles, with the added difficulty of comparing H 2 O 2 levels in particular cellular locations.
MAPK implications in defense responses. Loss-or gain-offunction studies of various members of the MAPK module mostly indicate a positive role of MAPKs in the transcriptional regulation of defense genes and disease resistance in tobacco and Arabidopsis (Asai et al. 2002; Ekengren et al. 2003; Jin et al. 2002 Jin et al. , 2003 Kim and Zhang 2004; Menke et al. 2004; Yang et al. 2001 ). However, the mpk4 and the edr1 mutants in Arabidopsis showed increased resistance to virulent pathogens, revealing that the MAPK AtMPK4 and the MAPKKK EDR1 downregulate SA-dependent defense responses (Frye et al. 2001; Petersen et al. 2000) .
The implication of MAPKs or of their upstream activators in the HR has been studied either by VIGS of the corresponding genes or by overexpressing constitutively active or inactive PKs. In tobacco, overexpression of NtMEK2, the MAPKK upstream of SIPK and WIPK, induces leaf necrosis (Yang et al. 2001) . Random cDNA screening using VIGS in N. benthamiana (Nb) plants was conducted in order to characterize plants impaired in Pto-mediated cell death; it was shown that silencing the NbMAPKKKα gene and the Lycopersicum esculentum (Le) LeMAPKKKα ortholog gene affected cell death (del Pozo et al. 2004) . LeMAPKKKα is upstream of MEK2, and the pathway leading to the HR requires SIPK and the MAPK Ntf6, but not WIPK. In a VIGS candidate gene approach performed on tomato, Ekengren and associates (2003) identified MEK1/2 and Ntf6/WIPK but not SIPK as being involved in Pto resistance. In N. benthamiana, silencing WIPK and SIPK had no effect on the HR mediated by the INF1 elicitin produced by Phytophthora infestans (Sharma et al. 2003) . Treating tobacco plants with the Pseudomonas syringae pv. phaseolicola-secreted harpin elicitor (HrpZ) induced HR, which is decreased in plants overexpressing SIPK and increased in plants silenced for SIPK by RNA interference (Samuel et al. 2005) . Taken together, these contradictory results suggest that MAPK cascades are not the sole signal transduction pathway for cell death and highlight the complexity of the MAPK pathway. This complexity is further illustrated by results showing that suppressing SIPK by RNA interference is compensated by WIPK overaccumulation; conversely, overexpressing SIPK suppresses WIPK accumulation (Samuel and Ellis 2002) .
PK substrates and protein phosphorylation. A few MAPK substrates have been identified. Rice MAPK BWMK1 phosphorylates OsEREBP1, a transcription factor that regulates PR genes containing GCC box elements and, thereby, increases PR gene expression (Cheong et al. 2003) . WIPK phosphorylates N. tabacum WIPK interacting factor (NtWIF), a novel transcription factor that contains a conserved B3-type DNA binding domain with high similarity to those of Arabidopsis auxin response factor (Yap et al. 2005) . Recently, Katou and associates (2005) identified a protein named PPS3, which contains a ZIM motif found in a variety of plant transcription factors. PPS3 is phosphorylated by the Solanum tuberosum StMPK1, a MAPK with strong similarities with tobacco SIPK. Silencing the N. benthamiana PPS3 gene delayed the HR induced by the Phytophthora infestans hyphal wall component elicitor (Katou et al. 2005) . Transcription factors of the WRKY family are also downstream of MAPK modules (Asai et al. 2002; Kim and Zhang 2004) and it was shown recently that SIPK phosphorylated WRKY1 (Menke et al. 2005) . Some proteins may be required to couple MAPK and WRKY transcription factors. Indeed, MKS1 was identified by yeast two-hybrid screening as a substrate for Arabidopsis MPK4; MKS1 is phosphorylated by MPK4 in vitro and interacts with WRKY25 and WRKY33 in a two-hybrid screen (Andreasson et al. 2005) . Substrates for Arabidopsis MPK6, the SIPK ortholog, have also been identified; they correspond to ACS2 and ACS6, two isoforms of 1-aminocyclopropane-1-carboxylic acid synthase (ACS) (Liu and Zhang 2004) . ACSs are the rate-limiting enzymes of ethylene synthesis and are stabilized by phosphorylation. Considering the role played by ethylene in many aspects of plant life, including stress responses, this result appears to be of prime importance.
Studies of protein phosphorylation status have been performed by two-dimensional gel electrophoresis analysis of in vivo-labeled proteins extracted from cultivated cells treated with different elicitors (Droillard et al. 1997; LecourieuxOuaked et al. 2000; Nühse et al. 2003; Peck et al. 2001) . The currently identified phosphorylated proteins are i) a tobacco calreticulin-like protein involved in calcium storage, which is dephosphorylated after treatment of cells with oligogalacturonides (Droillard et al. 1997) ; ii) Arabidopsis AtPhos43, which has two ankyrin-motifs usually involved in protein-protein interactions and is phosphorylated after treating the cells with flagellin or chitin fragments (Peck et al. 2001) ; and iii) syntaxin, an Arabidopsis-intrinsic membrane protein in which phosphorylation in response to flagellin is calcium-dependent and might be involved in membrane fusion and exocytosis (Nühse et al. 2003) . The development of phosphoproteomics associated with mass spectrometry should rapidly increase the number of identified phosphorylated proteins and provide databases for phosphorylation sites (Nühse et al. 2004 ).
Ion fluxes in plant defense.
Role of calcium. Calcium is one of the most important second messengers in plants. It conveys signals received at the cell surface to the inside of the cell through spatiotemporal changes in cytosolic free calcium concentrations ([Ca 2+ ] cyt ) that are decoded by an array of "Ca 2+ sensors" (Hetherington and Brownlee 2004; Sanders et al. 2002) . How this Ca 2+ signaling links different signals to so many diverse and specific responses remains unclear. The hypothesis that a Ca 2+ response could be a point at which signal specificity might be encoded has recently been debated. The "Ca 2+ signature" concept suggests that the Ca 2+ specificity is due to the time course of [Ca 2+ ] cyt variations, together with the location of the [Ca 2+ ] cyt increase (Hetherington and Brownlee 2004) . Another possibility is that Ca 2+ signals act as simple on-off binary switches (Plieth 2005; Scrase-Field and Knight 2003) . The role of Ca 2+ in plant defense signaling is now firmly established. Increased radioactive Ca 2+ uptake from the apoplast was reported in plant cells treated with different elicitors, whereas various defense signaling events were prevented when calcium influx was compromised (Nürnberger et al. 1994; Stäb and Ebel 1987; Tavernier et al. 1995) .
Methods ] cyt elevation is believed to be part of the signaling pathway leading to sustained MAPK activation and the HR (Fig. 1) (Lecourieux et al. 2002) .
Pharmacological data indicate that apoplastic Ca 2+ is the main supplier for pathogen-induced [Ca 2+ ] cyt variations. Supporting these findings, analyses have highlighted the involvement of Ca 2+ -permeable channels located on the plasma membrane in early defense signaling in tomato, parsley, and tobacco (Gelli et al. 1997; Kadota et al. 2004; Zimmermann et al. 1997) . Furthermore, genetic analysis of the Arabidopsis mutants hlm1 and dnd1 impaired in their ability to produce HR in response to avirulent pathogens allowed the identification of cyclic nucleotide-gated ion channel (CNGC)-encoding genes. The lack of function of the corresponding genes is responsible for the lesion-mimic phenotype of the hlm1 mutant plant and the dwarf and loss-of-HR phenotype of the dnd1 mutant plant Clough et al. 2000) . However, it has not yet been demonstrated in planta that these putative channels are located on the plasma membrane and are permeable to Ca 2+ . Changes in [Ca 2+ ] cyt are also amplified by H 2 O 2 generated during the elicitation process (Klüsener et al. 2002; Lecourieux et al. 2002) .
Several studies also pointed out the potential contribution of Ca 2+ release from internal stores, probably the vacuole and the endoplasmic reticulum that both usually are described as internal Ca 2+ sources or buffering compartments for [Ca 2+ ] cyt regulation (White and Broadley 2003) . Indeed, the [Ca 2+ ] cyt increase induced by several elicitors, including Pep-13, cryptogein, and BcPG1, was significantly reduced when ryanodine receptors (RYR) and inositol tri-phosphate receptors (IP 3 -R), two plant intracellular Ca 2+ channels (Allen et al. 1995) , were inhibited (Blume et al. 2000; Lamotte et al. 2004; Lecourieux et al. 2002; Vandelle et al. 2006) . It has been proposed that these channels are regulated through a complex network of second messengers, including the RYR modulator cyclic ADP ribose (cADPR), cGMP, IP 3 , and NO (see below). However, except for NO, proof linking these signaling molecules to plant defense is still missing.
Of relevant interest is the physiological significance of changes in free calcium in organelles like chloroplasts, mitochondria, and nuclei. For instance, using the aequorin technology, different nuclear and cytoplasmic calcium signatures, correlated with the increase of CaM isoform NtCaM-1 gene expression, were observed depending on wind stimuli or cold shock in N. plumbaginifolia seedlings (van der Luit et al. 1999) . A recent report indicated that isolated nuclei, in response to mechanical stimuli depending on the pH and temperature, showed an elevation of free nuclear calcium concentration (Xiong et al. 2004 ). Furthermore, we have recently reported specific changes in free nuclear calcium concentration ([Ca 2+ ] nuc ) in tobacco cells after treatment with various elicitors (Lecourieux et al. 2005) . The physiological significance of these elicitor-induced [Ca 2+ ] nuc rises remains to be determined. One expects nuclear calcium to be responsible for the activation of Ca 2+ -dependent proteins located in the nucleus and involved in the regulation of nuclear activities such as gene expression. Recently, Levy and associates (2005) identified an Arabidopsis gene, IQD1 (ID-DOMAIN 1) , which encodes a nuclear protein that binds to CaM in a Ca 2+ -dependent fashion. Interestingly, IQD1 positively regulates accumulation of glucosinolates, which are secondary metabolites involved in resistance to generalist chewing and phloem-feeding insects. Taken as a whole, a specific cellular calcium signature resulting from the combination of organelles and cytosolic calcium variations appears to be involved in both biotic and abiotic stresses.
Changes (Bouché et al. 2005) . A number of studies have shown the involvement of plant CaMs during defense responses. Levels of individual CaM proteins are differentially regulated both transcriptionally and post-transcriptionally in plants upon exposure to pathogen infection. For instance, differential expression of specific CaM isoforms has been reported in soybean and tobacco cells challenged with fungal pathogens and Tobacco mosaic virus (TMV), respectively (Heo et al. 1999; Yamakawa et al. 2001 ). Transgenic tobacco plants over-expressing divergent CaM isoforms (SCaM-4 or SCaM-5) showed spontaneous lesions, constitutive expression of SAR-associated genes, and exhibited enhanced resistance to a wide spectrum of pathogens (Heo et al. 1999 ). The molecular targets of CaMs involved in defense response induction are still poorly known. They include i) a NAD kinase thought to modulate AOS production; ii) a glutamate decarboxylase which catalyzes the conversion of glutamate to GABA, a potential chemical deterrent against herbivores; iii) the cyclic nucleotide-gated channels DND1 and HLM1 mentioned above; iv) a tobacco MAPK phosphatase, NtMKP1, which negatively regulates defense-related MAPKs; v) a seven-transmembrane receptor-like protein referred to as MLO whose disruption confers broad-spectrum resistance to barley against powdery mildew disease; and vi) AtNOS1, an Arabidopsis nitric oxide synthase responsible for nitric oxide production (Bouché et al. 2005) . The CDPKs, one of the largest families of potential Ca 2+ sensors in plants, also are implicated in plant defense reactions (see above). In addition to CaMs and CDPKs, some other Ca 2+ -regulated proteins have been described as involved in pathogen-mediated defense responses. Respiratory burst oxidase homolog (Rboh) proteins responsible for the pathogen-induced oxidative burst contain 2 EF-hand domains, and a tobacco Rboh enzyme, can be stimulated directly by Ca 2+ in vitro (Keller et al. 1998; Sagi and Fluhr 2001) . Centrins are CaM-like proteins with four EFhand motifs shown to be associated with the cytoskeleton. Expression of centrin genes is stimulated in various plant-pathogen systems (Cordeiro et al. 1998; Jakobek et al. 1999; Takezawa 2000) . Due to the role of centrins in microtubule severing and cytoskeleton reorganization, one can expect that centrins perform a function related to intracellular reorganization during early infection. Indeed, several reports showed a rapid depolymerization of the microtubular network upon pathogen infection (Gross et al. 1993; Kobayashi et al. 1997 ) occurring in a Ca 2+ -dependent manner ( Fig. 1) (Binet et al. 2001 ). Many EF-hand-less proteins bind Ca 2+ via other motifs, such as the C2 domain (Reddy and Reddy 2004) . The C2 domain mediates Ca
2+
-dependent interactions of proteins with membranes or membrane lipids. Up to now, two plant proteins that contain a C2 domain, namely copine and phospholipase D, have been associated with defense responses (Jambunathan and McNellis 2003; Jambunathan et al. 2001; Laxalt and Munnik 2002) .
Role of anion effluxes. Anion effluxes are among the earliest signaling events detectable in elicitor-treated cells. For instance, in parsley, soybean, and tobacco cultured cells, enhanced Cl -effluxes have been measured within 5 min of elicitor addition (Ebel et al. 1995; Jabs et al. 1997; Pugin et al. 1997) . Furthermore, treating tobacco cells with cryptogein promotes a fast and important NO 3 -efflux that represents a drop in intracellular NO 3
-of approximately 60% within 1 h (Wendehenne et al. 2002) . Pharmacological approaches indicate that these anion channels play a critical role in the mediation of pathogen-and elicitor-induced events, including the oxidative burst, MAPK activation, and the transcriptional activation of defense genes (Jabs et al. 1997; Ligterink et al. 1997; Wendehenne et al. 2002) . Furthermore, these data provide key evidence that anion channel activities are an early prerequisite for the HR. Indeed, anion channel blockers cause a significant inhibition of HR and cell death development in tobacco and soybean leaves and cell suspensions treated with cryptogein and Pseudomonas syringae pv. glycinea, respectively (Levine et al. 1996; Wendehenne et al. 2002) . The nature of the link between anion effluxes and the HR is unresolved at present, but it probably involves Ca 2+ , which is a central second messenger in the plant machinery leading to cell death. Indeed, one function of plant anion channels might be to initiate or amplify plasma membrane depolarization ( Fig. 1) ] cyt (Ward et al. 1995) . Furthermore, anion efflux-induced plasma membrane depolarization might activate K + efflux channels, K + release going together with water loss. This process might contribute to the shrinkage of the cells commonly observed during the HR. In plants, the decrease in water potential observed in incompatible interactions leading to HR is one factor restricting microbial growth (Wright and Beattie 2004) . Similarly, in numerous apoptotic mammalian cell types, many studies favor the hypothesis that the decrease in cell volume, or more specifically the effluxes of K + and anions associated with the change in cell size, play a critical role in the regulation of the cell death machinery. More particularly, it has been shown that the decrease of intracellular K + concentration increases caspase activation and results in optimal catalytic activity of apoptotic nucleases (Hughes et al. 1997) . It is interesting to note that, contrary to the model discussed above, HrpN ea , the harpin secreted by the bacterial pathogen Erwinia amylovora, causes a fast decrease in anion current in Arabidopsis-cultured cells (El-Maarouf et al. 2001) . Interestingly, HrpN ea -induced cell death can be mimicked or counteracted by inhibitors or activators of cystic fibrosis transmembrane regulator (CFTR) Cl -channels, respectively, suggesting that a decrease of CFTR-mediated anion current might be a necessary step of HrpN eatriggered cell death (Reboutier et al. 2005) . Therefore, the mechanisms through which anion channels contribute to cell death might differ according to elicitors.
In mammals, members of the voltage-dependent gated anion channels (VDACs, or porins) are involved in the release of ions and cytochrome c during apoptosis. In plants, putative VDACs have been isolated via homology-based strategies and proteomic approaches based on mass spectrometry analyses of a plasma membrane fraction enriched in hydrophobic proteins (Marmagne et al. 2004; Wandrey et al. 2004) . Targeting experiments demonstrated their presence in the mitochondria and plasma membranes. However, evidence that these proteins function as anion channels in native plant membranes is still lacking. Lacomme and Roby (1999) reported that a gene encoding a putative VDAC undergoes early induction in Arabidopsis cells treated with an HR-inducing strain of the pathogen Xanthomonas campestris pv. campestris. This exciting result suggests that this VDAC is a putative candidate for causing elicitor-induced large anion effluxes. In addition to VDACs, genes encoding putative voltage-dependent chloride channels (CLCs) have been identified in various plant species (BarbierBrygoo et al. 2000) . The Arabidopsis mutant clca-1, in which the gene AtCLC-a has been disrupted, revealed an altered NO 3 -content (Geelen et al. 2000) . This raises the possibility that plant CLCs might function as NO 3 -plasma-membrane-permeable channels. However, the first immunolocalization experiments carried out establish that plant CLCs are not located in the plasma membrane but in the mitochondrial membrane . Therefore, whether CLCs are involved in the modification of elicitor-triggered changes in plasma membrane permeability remains to be fully demonstrated.
What are the future directions then? The identification of Ca 2+ and anions channels, the detailed description of their electrophysiological properties, and the generation of both defective and overexpressing ion channel mutants should shed light on the still enigmatic signaling role of ion fluxes in plant defense. Probably, one key function of ion channels is to initiate or propagate plasma membrane potential changes. Indeed, in addition to voltage-dependent channels, many transmembrane-or membrane-associated proteins, including signal transduction proteins, might undergo electrically dependent conformational changes. Such changes might modulate protein activities by exposing specific domains to PKs, protein phosphatases, or second messengers, including AOS and NO. Furthermore, electrical changes might modify protein-protein interactions and the ionic interaction between plasma membrane components and cytosolic proteins. Therefore, modifications of plasma membrane potential can be responsible for subtle changes of protein activities and should allow signal integration.
NO signaling in plant defense.
In the past 20 years, it has been shown that, in animal cells, the highly diffusible gas NO functions as a signaling molecule in a number of physiological processes, such as neurotransmitter release. Furthermore, under particular pathological conditions, NO has been found to be responsible for the killing of microorganisms and tumor cells by macrophages (Beck et al. 1999) . NO synthesis is catalyzed by the CaM-dependent hemoprotein nitric oxide synthases (NOS) which oxidize L-arginine to NO and L-citrulline (Wendehenne et al. 2001) . Once produced, NO operates through post-translational modifications and specifically targets cystein residues (S-nitrosylation), tyrosine residues (nitration), and heme or nonheme iron and copper centers (metal nitrosation) of a broad spectrum of proteins (Stamler et al. 2001) . The interaction of NO with hemecontaining proteins is exemplified by the binding of NO to soluble guanylate cyclase which activates the enzyme and, therefore, increases the cGMP concentrations.
In plants, the enzymes responsible for NO synthesis include nitrate reductase (NR) and AtNOS1 from Arabidopsis thaliana (Guo et al. 2003; Yamasaki and Sakihama 2000) . AtNOS1 belongs to a group of evolutionarily conserved CaM-dependent enzymes catalyzing NOS-like activity but lacking sequence homology with mammalian NOS. The Atnos1 mutant impaired in Atnos1 expression shows reduced organ growth and fertility as well as impaired ABA-induced stomatal closure. Furthermore, Guo and Crawford (2005) identified the cellular localization of AtNOS1 in the mitochondria and provided evidence that the enzyme protects the plant from dark-induced senescence by decreasing AOS accumulation and limiting protein and lipid oxidation. Taken together, these data indicate that NO fulfils a broad spectrum of functions in plant physiological processes.
Pharmacological, biochemical, and, more recently, genetic approaches provide evidence that NO also is produced endogenously in plant cells challenged by avirulent pathogens and elicitors (Delledonne 2005; Wendehenne et al. 2004 ). In tobacco cell suspensions and leaf tissues, treatment with cryptogein results in a rapid and transient increase of NO production ( Fig.  1) (Foissner et al. 2000; Lamotte et al. 2004) . Using the NOsensitive fluorophore 4,5 diaminofluoresceine, it has been shown that the cryptogein-induced NO production was first restricted to the plastids and then also was found in the nucleus, along the plasma membrane, and in the cytoplasm, suggesting that NO production happens in several cellular compartments or diffuses from the plastids. The identity of the enzyme catalyzing NO synthesis in response to cryptogein is currently unknown. However, although a mitochondrial localization of the cryptogein-induced source has not been observed (Foissner et al. 2000) , the finding that the cryptogein-induced NO production is reduced by 50 to 80% by mammalian NOS inhibitors which suppress AtNOS1 enzymatic activity (Guo et al. 2003) suggests that NO production in tobacco might be catalyzed by an AtNOS1 tobacco ortholog. Supporting this hypothesis, key evidence that AtNOS1 is an important component of plant defense recently has been provided by Zeidler and associates (2004) . In addition to AtNOS1, the possibility that cryptogeininduced NO synthesis might be catalyzed by a distinct NOSlike protein should not be excluded. Indeed, evidence of other potential NOS-like enzymes in plants has been reported in several studies (Corpas et al. 2004) .
Evidence has accumulated to suggest that NO is part of intracellular signaling cascades activated in plant cells in response to pathogens or elicitors. At the transcriptional level, microarray and cDNA-AFLP data obtained from NO donortreated Arabidopsis cells indicate that NO modulates the expression of several defense genes, including genes encoding PR proteins and proteins related to secondary metabolism (Parani et al. 2004; Polverari et al. 2003) . Accordingly, a functional link between elicitor-induced NO production and defense gene expression has been reported in several studies (Delledonne et al. 1998; Lamotte et al. 2004; Zeidler et al. 2004) . At the post-translational level, extracellular administration of NO has been demonstrated to promote S-nitrosylation of redox-related and metabolic proteins involved in plant defense, such as glutathione S-transferase and S-adenosylmethionine synthetase (Lindermayr et al. 2005) . Furthermore, pharmacological experiments infer that cGMP and cADPR might mediate NO effects during plant defense. Indeed, both compounds have been shown to be required for the induction of PAL or PR-1 genes by NO (Durner et al. 1998) . Because these two second messengers activate Ca 2+ -permeable channels in both animal and plant cells, it is then a short step to the hypothesis that NO is one of the key messengers governing the control of free Ca 2+ mobilization in plant defense. This aspect of NO action is supported by the finding that NO participates in the cryptogein-mediated increase of [Ca 2+ ] cyt by promoting Ca 2+ release from intracellular stores pharmacologically related to RYRs (Fig. 1) (Lamotte et al. 2004) . Similar data have been reported in grapevine cells elicited by BcPG1 (Vandelle et al. 2006) . Furthermore, it has been reported that NO donors elicit a fast increase of [Ca 2+ ] cyt in Vicia faba guard cells and N. plumbaginifolia cells (Garcia-Mata et al. 2003; Lamotte et al. 2004 Lamotte et al. , 2006 . This effect can be suppressed by RYR inhibitors and selective antagonists of cADPR, confirming that NO may activate a signal transduction cascade which activates RYR. In contrast, in a series of experiments based on NO donors and scavengers, Lecourieux and associates (2005) provide evidence that, in tobacco cells, NO might not contribute to the changes in [Ca 2+ ] nuc occurring, for instance, in response to cryptogein. In mammals, NO is established as a potent inducer of apoptosis (Beck et al. 1999) . A predominant mechanism by which this occurs is through the reaction of NO with O 2
•-to generate peroxynitrite (ONOO -), a highly cytotoxic compound causing uncontrolled protein tyrosine nitration. In plants, evidence that NO participates in the induction of the HR has been provided by several studies that examine the effects of mammalian NOS inhibitors and NO scavengers on pathogen-or elicitor-induced cell death (Delledonne et al. 1998; Zhang et al. 2003) . According to Delledonne and associates (2001) , the NO-dependent HR is not mediated by ONOO -, but results from the combined activities of NO and H 2 O 2 , where H 2 O 2 is formed by dismutation of O 2
•-. In tobacco, pharmacological analyses have shown that NO is involved, at least partially, in the induction of cryptogein-triggered cell death (Lamotte et al. 2004 ). However, this study also reveals that NO regulates the elicitor-mediated cell death independently of H 2 O 2 and ONOO -. Regardless of how NO might be linked to cryptogein-triggered cell death, the observation that NO induces mobilization of intracellular Ca 2+ provides an attractive mechanism. Finally, it is noteworthy that, in addition to their synergistic action (Delledonne et al. 2001) , NO and H 2 O 2 might control each other's synthesis. For example, exogenously applied H 2 O 2 has been found to trigger NO production in mung bean through a Ca 2+ influx-dependent process (Lum et al. 2002) . Furthermore, it recently has been reported that NO produced in response to BcPG1 is required for the activation of plasma membrane NADPH oxidase in grapevine cells (Vandelle et al. 2006 ).
AOS and plant defense reactions.
Defense reactions can include rapid and intense production of highly reactive and toxic oxygen species generated through the sequential one-electron reduction of oxygen (O 2 ). Under physiological conditions, the first reduction of O 2 forms the superoxide anion (O 2
•-) and hydroperoxyl radical (HO 2 • ), the second step forms hydrogen peroxide (H 2 O 2 ), and the third step produces the hydroxyl radical (OH • ) via the Fenton reaction in the presence of transition metals such as iron or copper (Mori and Schroeder 2004) . OH
• and O 2 •-possess very short half-lives (from nanosecond to microsecond, respectively). Uncharged H 2 O 2 is more stable and can diffuse across membranes, whereas OH
• cannot migrate in solution and instead reacts locally, notably with molecular targets by modifying their structure or activity. H 2 O 2 as well as OH
• can react with polyunsaturated lipids in membranes, forming lipid peroxides, which can lead to biological membrane destruction (Grant and Loake 2000) . Because cells are unable to detoxify OH
• , an excess of this molecule results in irreversible damage and cell death.
In a wide range of incompatible plant-pathogen interactions involving bacteria, fungi or viruses, a biphasic AOS production has been observed with a first phase peaking after 20 min and a second phase occurring 4 to 6 h later which has been correlated with plant resistance (Allan and Fluhr 1997; Baker and Orlandi 1995; Lamb and Dixon 1997) . The AOS accumulation is finely tuned by a balance of scavenging and producing enzymes. In a recent review, Mittler and associates (2004) identified 152 proteins involved in AOS homeostasis, located in almost all subcellular compartments. Superoxide anions (O 2
•-) can be dismutated spontaneously into H 2 O 2 ; however, this reaction can be greatly accelerated by the enzymatic action of superoxide dismutase. Then, hydrogen peroxide can be detoxified efficiently by the action of the AOS-scavenging enzyme catalase. H 2 O 2 accumulation can also be prevented by ascorbate peroxidase or glutathione peroxidase. On the other hand, although AOS can be generated by various enzymatic activities in plants (Mittler et al. 2004) , the AOS-producing enzyme identified as crucial for plant resistance is the plasma membrane NADPH oxidase. In the tobacco-cryptogein model, as in other plant-elicitor interactions (Fig. 1) , AOS production is totally abolished by diphenylene iodonium (DPI), a well-known suicide inhibitor of the mammalian NADPH oxidase (Allan and Fluhr 1997; Pugin et al. 1997) . The plant NADPH oxidases, also called Rbohs, catalyze the production of superoxide by the one-electron reduction of oxygen, using NADPH as an electron donor (Pugin et al. 1997) . In cryptogein-treated tobacco cells, transcript accumulation of the NtRbohD isoform is correlated with H 2 O 2 production. Conversely, silencing NtrbohD results in the absence of AOS production in elicitortreated cells (Simon-Plas et al. 2002) . All the plant rboh genes identified so far, in rice (Groom et al. 1996) , Arabidopsis (Desikan et al. 1998; Keller et al. 1998; Torres et al. 1998) , tomato (Amicucci et al. 1999) , and potato (Yoshioka et al. 2001) , possess two EF-hand motifs and are closely related to the mammalian calcium-regulated NADPH oxidase (NOX5) which possesses four EF-hand motifs (Torres and Dangl 2005) .
AOS production in cryptogein-challenged tobacco cells is totally abolished by calcium chelators or calcium surrogates (La 3+ and Gd 3+ ) and by inhibitors of Ser/Thr PKs, indicating that calcium influx and protein phosphorylation act upstream of the AOS-producing enzyme NtRbohD (Fig. 1) (Lecourieux et al. 2002; Lecourieux-Ouaked et al. 2000; Simon-Plas et al. 2002; Tavernier et al. 1995) . The NtRbohD protein was localized unambiguously to the plasma membrane in accordance with an extracellular production of superoxide anions (SimonPlas et al. 2002) . Small G protein Rac translocation to the membrane after cell stimulation is a critical factor for the activation of the mammalian NADPH oxidase complex. A tobacco Rac homologue (NtRac5), located on the plasma membrane of tobacco cells, has been characterized as a negative regulator of NtRbohD (Morel et al. 2004) . However, no direct interaction between the two proteins has been obtained in two-hybrid assays (Morel et al. 2004) . Contrarily, OsRac1 acts as a positive regulator of AOS production in rice (Ono et al. 2001) , suggesting distinct effects depending on the particular isoforms of Rac and Rboh proteins. Recently, OsRac1 has been shown to interact with cinnamoyl-CoA reductase (OsCCR1), a key enzyme involved in the biosynthesis of monolignols which are polymerized into lignin in the presence of peroxidase and H 2 O 2 (Kawasaki et al. 2006) .
Transcriptional upregulation of rboh genes has been reported in potato and Arabidopsis after various elicitor treatments (Desikan et al. 1998; Yoshioka et al. 2001) . Similar studies with pathogen-challenged Arabidopsis or N. benthamiana have demonstrated that AtRbohD and AtRbohF or NbRbohA and NbRbohB, respectively, participate in AOS production (Torres et al. 2002; Yoshioka et al. 2003) . Data showed that AOS pro-duction and downstream effects are dependent on the Rboh isoforms. This suggested that the expression of rboh genes (10 rboh genes in the Arabidopsis genome) and the properties of the corresponding enzymes (subcellular localization, rate, substrate specificity, and affinity) are of importance in determining plant defense responses.
AOS first were thought to be general cell death effectors acting on plants or invaders, because the oxidative burst most often is correlated with the HR (Apel and Hirt 2004) and AOS bactericidal effects are well known (Mehdy 1994) . Indeed, lowering catalase or ascorbate peroxidase activities by genesilencing strategies highlights the role of H 2 O 2 in stopping pathogen spread Mittler et al. 1999) . In cryptogein-treated tobacco plants, H 2 O 2 plays an essential role in the execution of plant cell death by provoking an AOS-mediated lipid peroxidation under light conditions (Montillet et al. 2005) . However, under dark conditions, the cryptogeininduced cell death is H 2 O 2 independent but correlates with a 9-lipoxygenase (LOX)-dependent massive production of free fatty acid hydroperoxides (Montillet et al. 2005; Rustérucci et al. 1999 ). This active lipid peroxidation is sufficient to trigger plant HR, as demonstrated by using a 9-LOX antisense strategy (Rancé et al. 1998) . Other studies indicated an absence of strict correlation between AOS production and cell death: for example, although AtRbohD is mostly responsible for H 2 O 2 production compared with AtRbohF, plant cell death is more compromised in the AtrbohF mutant than in the AtrbohD mutant challenged by avirulent Pseudomonas syringae DC3000 expressing the AvrRpm1 elicitor (Torres et al. 2002) .
AOS are also versatile signaling molecules that mediate gene responses to developmental cues as well as abiotic and biotic environmental stresses (Apel and Hirt 2004; Laloi et al. 2004) . In signal transduction pathways induced by pathogens or elicitors, AOS participated in MAPK activation (see above), generation of Ca 2+ variations (see above), and modifications of the cellular redox state; these last two events generally were monitored after H 2 O 2 accumulation (Rentel and Knight 2004) . In plants, the redox state regulates NPR1, an essential activator of SA-dependent defense responses. NPR1 accumulates in the cytosol as an inactive oligomer maintained by disulfide bridges; after elicitation, its reduction releases monomeric units that move to the nucleus and interact with the reduced TGA1 transcription factor which, in turn, activates the SAdependent defense gene expression (Després et al. 2003; Mou et al. 2003) . Thus, the AOS signaling cascade initiates a global transcriptome shift to execute appropriate genetic programs. Arabidopsis cells treated with H 2 O 2 showed changes in the expression profiles of 175 genes (out of 11,000 on the microarray). The AOS-induced genes encode antioxidant enzymes, proteins associated with defense or signaling functions such as kinases or transcription factors (Desikan et al. 2001b ). Furthermore, microarray profiling experiments on catalase-silenced plants have highlighted a cluster of H 2 O 2 -responsive genes, outlining pathways that seem to be involved in cell death (Gechev and Hille 2005; Vandenabeele et al. 2003) . In addition to the effect of AOS on gene expression, the oxidative burst also orchestrates plant defense responses by reinforcing plant cell walls via oxidative cross-linking of soluble proteins (Bradley et al. 1992; Brisson et al. 1994 ) and increasing lignification (Bruce and West 1989; Kawasaki et al. 2006) . The way these defense processes are coordinated in time and space is thought to prevent the pathogen from spreading.
Conclusion.
Complementary approaches in cell biology, biochemistry, and genetics using cell suspensions and whole plants have permitted identification of numerous events and proteins or genes involved in the signaling cascades immediately downstream of elicitor perception. Much work is still to be done before getting a general overview of plant defense signaling, including perception of elicitors, because most of the elicitor binding sites have not been characterized at the molecular level. The signal propagation does not follow a simple linear pathway (e.g., Fig. 1 , scheme for cryptogein-induced signaling events) but, instead, is amplified through a complex network with many branches, each being controlled by a combination of second messengers including free calcium, AOS, NO, cytosolic pH and membrane potential changes, cGMP, cADPR, SA, JA, ethylene, and probably metabolites of primary metabolism. Furthermore, the important changes in the pentose phosphate pathway and the Krebs cycle in the first minutes after elicitor perception (Pugin et al. 1997) , together with the inhibition of sugar transporters and of mitochondrial activities (Bourque et al. 2002) , are bound to influence cell behavior. However, the attribution of a defense function to a particular protein or gene or second messenger is a complex problem whatever the approach used. For instance, while triggering defense responses, elicitors also induce abiotic stresses. Indeed, it has very often been reported that, by changing ion fluxes, elicitors induce osmotic pressure changes and cell plasmolysis. Thus, by studying the defense responses triggered by elicitors, we monitored events and activated or inhibited proteins that are also part of other signaling pathways. Moreover, not only does crosstalk between abiotic and biotic stresses occur, but crosstalk between defense pathways and physiological pathways, including development and hormone signaling pathways, also occurs (Lam 2004; Lorrain et al. 2003) . It also should be taken into account that the induction of a signaling pathway can trigger its own negative feedback. For instance, during HR, cells activate or repress proteins or genes involved in cell survival, and many genes identified by genetic approaches aimed at identifying genes involved in the HR are, in fact, negative regulators of cell death (Tronchet et al. 2001) .
Another crucial element that conditions the specificity of the response is the distribution of second messengers and targeted proteins in time and space. For instance, the output response of Ca 2+ -dependent pathways relies upon the subcellular localization, lag time, duration, intensity, and frequency of the [Ca] cyt rise ("calcium signature"). Taking into account the low diffusion rate of calcium, calcium-responding proteins may be closely linked to calcium channels localized in both plasma membranes and calcium internal store membranes, thus building a complex molecular scaffold able to translate a particular signal. One indication for the requirement of localized molecular modules is provided by experiments in which calcium ionophores were used to mimic elicitor-induced calcium influx. Calcium ionophores, which deliver Ca 2+ independently of cellular processes and might be randomly incorporated in membranes, are unable to trigger defense reactions (Tavernier et al. 1995) . Signaling transduction steps relying on second messengers with short half-lives, such as AOS and NO, should be particularly dependent on second messenger spatiotemporal production. In addition, AOS and NO also can combine and act in conjunction with calcium. Thus, as suggested by different authors, the complexity of signal integration, together with the amount of data from different signaling pathways, in different plant species, and in a wide range of developmental conditions, requires computer communication systems and models for the representation and analysis of signal transduction networks (Genoud and Metraux 1999; Rzhetsky et al. 2000; Trevino Santa Cruz et al. 2005) . Consequently, databases for plant signaling networks are emerging and will be useful to integrate at the cellular level the relationships between individual components that have been identified independently.
Because plant diseases cause billions of dollars in harvest loss annually with severe consequences for humans, particularly in developing countries, a major research initiative lies in the use of disease-resistant plants or in inducing resistance. One of the most convenient and environmentally soundest ways of limiting plant disease consists of conventional resistance breeding programs using disease-resistant cultivars possessing R genes. Additionally, pesticides make it possible to limit pathogen development and crop losses. However, the emergence of resistant pathogen strains, the demand for good quality food, and human health preservation compromise the use of pesticides. In Europe, vineyards, which cover approximately 1% of cultivated surfaces, use half of the chemicals spread on fields (copper included); that is, 120,000 tons per year. Different pesticides recently have been forbidden in Europe; for instance, arsenite, which was the sole efficient chemical against trunk diseases due to fungi, including Escaand Eutypa diseases. Therefore, activating defense responses by using elicitors should be an alternative method in order to replace or reduce chemical applications. Elicitors have been shown to be efficient when sprayed on leaves or added in the soil (Aziz et al. 2003; Gorlach et al. 1996; Moffat 2001) . Some inducers of defense responses, such as β-aminobutyric acid (BABA), do not trigger any detectable effect by themselves but, instead, act through potentiation of defense (a mechanism called priming) when the plant is challenged by a pathogen (Hamiduzzaman et al. 2005) . How these compounds potentiate the defense response is under investigation. Compared with common elicitors, these inducers have the advantage of reducing the physiological fitness cost. Another problem encountered is the ability of these compounds to penetrate the tissues. Depending on their chemical nature, hydrophilic character, and molecular mass, plant cuticles and cell walls may prevent them from reaching plasma membranes or internal targets. In these conditions, efficient adjuvants have to be identified to have a chance of protecting crops successfully. For proteinaceous elicitors, the expression of Avr transgenes, under the control of plant promoters induced by a range of pathogens, in plants expressing the corresponding R genes, should enhance broadspectrum resistance and could be a valuable strategy in the future (McDowell and Woffenden 2003) . Another transgenic approach could consist of transiently suppressing the expression of genes which negatively regulate defense response pathways. Thus, studying elicitor-activated signaling pathways is continuing with the purpose of identifying signaling components that could be exploited in the future as switches to activate resistance in order to design efficient strategies to protect crops.
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